Under the conditions of continuous increase in the energy consumption, sharply rising prices of basic energy products (gas, oil, coal), deterioration of environment, etc., it is of vital importance to develop methods and techniques for heat and power generation from renewables. The paper considers the possibility to use a sail-type wind turbine for autonomous power supply in Latvia, taking into account its climatic conditions. The authors discuss the problems of developing a turbine of the type that would operate efficiently at low winds, being primarily designed to supply power to small buildings and farms distant from centralized electricity networks. The authors consider aerodynamic characteristics of such a turbine and the dependence of the thrust moment of its pilot model on the airflow rate at different angles of attack. The pilot model with a changeable blade shape has been tested and shows a good performance.
I. INTRODUCTION
Ever rising prices of electricity, the heating and operating expenditures for maintenance of premises quicken the interest in alternative energy sources and in so-called passive houses. The main feature of such a house is that it does not need power for heating or needs only insignificant power for this purpose -average ~ 10% of the specific energy consumed by the majority of modern buildings [1] [2] [3] . In developed European countries, specific requirements to the passive house standards are in force. As a rule, the indicator of energy efficiency for an object of the type is the heat energy loss per square metre during a year or a heating season, 100÷120 kW/m 2 on the average. Therefore, as energy-efficient is considered the building where the mentioned indicator is lower than 40 kW/m 2 ; in developed European countries this figure is even lower (~ 10 kW/m 2 [4] ). At the Laboratory for Mathematical Modeling of Environmental and Technological Processes, University of Latvia (UL), research into the thermal properties of popular construction materials from local raw stuff has been conducted since 2011 in the framework of ERAF and ESF projects. In the UL Botanical Garden five test stands have been built for investigation of the relevant heat, air, and humidity exchange processes [5, 6] .
A perfect passive house should possess an independent power system which would not require expenses for maintaining a comfortable temperature. For heating such a house the heat generated by its inhabitants and houshold appliances should be sufficient. If additional "active" heating is needed, alternative energy sources could be used. However, in the climatic conditions of Latvia, where the temperature in winter falls to minus 15-20°C with only 40-45 sunny days a year, an additional source of energy for heating and electricity supply is necessary for normal human life. Now it is quite possible to use for these purposes advanced techniques for deriving energy from renewable sources. The most suitable alternative energy source is wind; this is confirmed by ever increasing capacity of wind turbines (WTs) in the world: in recent years its growth rate by an order of magnitude outruns that for all other types of power plants [7] [8] [9] [10] .
The wind turbine or wind power unit (WPU) is a device for converting the kinetic energy of wind flow into mechanical energy of rotation and its further conversion into electric energy. Its main difference from the conventional thermal electric and nuclear power plants (NPPs) -as well as its advantage -is the complete absence of starting raw materials and waste. In fact, the owner of an autonomous power plant becomes independent of traditional energy producers.
Wind energy is inexhaustible, available everywhere and more environmentfriendly. Inconstancy of wind does not cause any trouble when the wind share in the overall electrical power generation is insignificant. But the greater is this share, the greater is the number of reliability problems related to the electricity production. To solve problems of this kind, the intelligent management of electric wind power distribution is to be done.
It is known that all the types of energy production are irregular; with renewable energy sources it happens more often. At the same time, irregularity of wind speed is understandable, more predictable and much "safer" than, e.g., the radiation leak at a nuclear power plant's malfunction, or nitrogen and sulfur oxide emissions at heat-andpower cogeneration [2] . Coal, nuclear or hydroelectric power plants with a power of 1 GW should have stand-by equipment for contingency or emergency cases. Conventional and nuclear power plants can stop and fail in milliseconds, while the operation of WTs can be suspended in order to protect them from the storm. It is much easier to predict weather conditions than a sudden blackout of an NPP. The more so, instability of the wind does not bring about such dangerous negative consequences for the environment as e.g. depressurization of power generating units at NPPs. Sometimes the danger of wind turbines for wildlife is mentioned, as the WT rotating blades can be a hazard to some species of living organisms. According to statistics, the blades of each installed turbine can cause the death of at least four birds per year, but this is still less than the harm from cars. The noise produced by the wind turbines might be perceived as excessive by humans and animals living nearby; but this is noticeable in the case of high-power WTs, which are usually placed far away from settlements.
Below, some aspects of modern development of wind power engineering in the world are considered, and the possible use of sail-type WTs in the conditions of Latvia is discussed.
Nowadays, in line with the expected complete abandonment of nuclear energy proposed by the European Commission, the programme to reduce the use of traditional energy sources in the European Union (EU) is supported at the state level. The aim of EU governments is to increase the share of wind power up to 20% of the total energy consumption by 2020. Some EU countries have already achieved this aim, and now the wind power engineering is one of the fastest growing industries in the world. According to the World Wind Energy Association (WWEA) data as of 2012, a 32% increase in the wind power production was reached in 10 years [9] . Wind occupies a highly important place among other sources of energy, and in the future will only grow in efficiency. WWEA data evidence that in 2012 the wind power made up 52% of other types of renewable sources (Fig.1) . The investments in the wind power engineering are expected to increase owing to important social and economic benefits, such as: environmental safety and reduction of emissions into the environment; reduced dependence of the state on imported oil and gas; better employment and gains in the tax revenues; the development of new technologies, etc.
In September 2012, the European Wind Energy Association (EWEA) announced that in the EU the total installed capacity of wind power plants reached 100 GW (half of which in the previous six years). It is important that this capacity is sufficient to provide electricity to 57 million residential buildings throughout the year [9] . According to the WWEA report for the year 2013 (published in Shanghai in April 2014), the top ten most developed wind energy markets include those of China, the United States, Germany, Spain, and some others (see Fig. 2 ). These countries accounted for 84.77 % of the total wind power capacity (318.53 MW) in 2013 [10] . From this official source it follows that in 2013 the wind energy was used for heat and electricity production (640 TWh) in 103 countries. Some of them possessed particularly high percentage of wind energy use for electricity production: the Netherlands -34%, Spain -21%, Portugal -20%, Ireland -16%, Germany -9% (Latvia occupies the 52 nd place). As compared with 2010, in 2012 the total generation of wind power in Latvia increased more than twice and was (68 MW) [9] . The amount of power obtained from wind in 2013 was the same as in 2012 (Fig. 3) . Specialists of Latvenergo JSC claim that the use of wind energy is unprofitable: at this stage, the cost of energy obtained from renewable energy sources is considerably higher than that for energy derived from conventional ones. According to Latvenergo data, the share of wind power sector in the local power production industry is greater than 5%. Nevertheless, in 2012 on June 15 (the International Day of Wind Energy) it was reported that the Latvian Enefit Co. sold 72 GW of electricity produced using wind energy. This allowed reducing emissions of carbon dioxide into the atmosphere by ~ 56 thousand tons, which is equivalent to the total annual emissions from 28 thousand vehicles [11] . Figure 4 shows the amount of energy produced from renewable resources in Latvia, and the share of different sources in 2010 [12] ; the wind power share in-creased in that year up to 6%. Currently, the Baltic Wind Power Co. is planning to build a 100 MW wind power plant. The production of energy using renewable sources and co-generation is a very important part of the Latvian power industry [13] . The fact that in 2013 Latvia did not add a single watt of energy generated by wind power can be attributed to a number of objective and subjective reasons. The main reason is a general pessimistic public image of wind power use in Latvia originated from poor awareness and promotion. One of the reasons is the high cost of the equipment for wind power conversion, since the development of wind energy resources requires significant investments. To repay expenses on the construction of a WPP, the average wind speed should be 7 m/s, while in Latvia winds blow at an average speed of ≤ 5 m/s. Strong winds blow only along the coast, and there already are powerful wind farms. The governmental agencies engaged in power supply and the entrepreneurs analyze the effectiveness of the existing wind farms before investing in the wind power engineering. Information on the strength and direction of local winds as well as on other important parameters has still not been fully summarized. It is almost impossible to develop projects for wind power generation in Latvia without this information, as it is not completely clear whether there is any sense in them. Taking into account all these factors, the authors of this work discuss possible development of small WPPs under the climatic conditions of Latvia.
ANALYSIS OF THE WIND POTENTIAL IN LATVIA
In most regions of Latvia there are areas where the annual average wind speed is (3-4) m/s. In 2001-2003, within the framework of the UNDP and GEF programmes, the Danish National RISO Laboratory carried out studies of wind power resources in seven coastal regions of Latvia, with measurements of wind performed [14] .
At the Sārnate settlement anemometers were installed at a height of 21.7 and 31.3 m; the recorded values of annual average wind speed were 5.7 m/s and 6.2 m/s, accordingly. The wind speeds recorded at the same time within the same period at the nearest weather stations in Liepaja and Pavilosta at a standard height of 10 m were only 3.67 and 3.05 m/s, respectively. In Fig. 5 it is seen that the areas with high wind speeds are found only in the coastal region of the Baltic Sea and on the coast of the Gulf of Riga [15] . The width of the area with strong winds on the Baltic Sea coast is 15-20 km, and in the region of the Gulf of Riga it is 10-15 km. The wind speed is there up to 5.1-5.8 m/s and greater. Within 20% of the country territory the wind speed is 4-5 m/s, and throughout the rest part it is < 4 m/s. In general, the southern, south-western and western winds dominate across the territory of Latvia. The strongest winds blow in November, December and January; the average monthly rate is ~ 4 m/s. The weakest winds are typical of July and August, with the average monthly rate being ~ 2.8 m/s.
In 2010-2011, the scientists of Latvia and Estonia made a collaborative basic research within the framework of GORWIND project [16] . They investigated the characteristics of winds and the ice formation in the Gulf of Riga. They also studied the sites and conditions of habitats of birds, seals and other animals, as well as analyzed climate changes. The data on the wind potential received by these specialists have been confirmed by the information obtained by regular wind speed measurements carried out by the Latvian Center for Environment, Geology and Meteorology (LCEGM) whose meteorological station is located near the Riga International Airport [17] . The on-site information is available for the pressure, temperature and humidity of air, wind speed and its direction, solar radiation intensity and other parameters throughout Latvia (see Fig. 6 ).
Precise values of wind speed rates (at interval of a minute) in Riga which are measured at the weather station in the BG of the University of Latvia can be received on-line. The operative information on wind speed in winter is also found in [18] . Figure 7 shows the wind shift during a day (on 31 st January, 2014 it was 1.68 m/s in the average). The data analysis shows that in the central part of Latvia the average wind speed is < 3 m/s, and in Riga -even less than 1.37-2.1 m/s. As concerns wind turbines, they are usually inefficient at low winds (< 3 m/s).
Therefore, the use of commercial wind turbines of low or medium power is uneconomical, since they do not operate at such wind speeds. However, the prospects for the use of small WTs are encouraging as applied to individual energy supply in Latvia.
EVALUATION OF THE WIND TURBINE CAPACITY
Implementation of technologies for wind power conversion is still an unsolved problem in Latvia, as in most its regions there are areas where the annual average wind speeds are about 3-4 m/s, whereas for wind turbines first of all a high annual average wind speed is required. It is therefore important to examine local wind conditions before purchasing wind turbines.
Besides, at choosing a wind turbine for the autonomous power supply many other factors should be taken into account: the requirements of a particular customer, the quality and price of the product, etc. The main criterion for reasonable choice of equipment for power generation is the complexity of production of 1 kWh. The input complexity is in our case determined by the whole complex including the cost of WT production, transportation, installation and operation as well as of the land on which this wind turbine is to be mounted [7, 8, 18] . Choice of the WT design is reduced to finding the optimum function of many parameters and variables: ) , , (
, and is to be achieved at the minimum labour expenditure [19] .
The efficiency of a wind turbine could be estimated based on the known WT power dependence on the wind speed. The wind power efficiency coefficient ξ can be determined by dividing the power imparted from the wind to the wind turbine g N by intrinsic wind power N [20] . Inturn, from the formula below it follows that when the wind speed doubles, the WT output increases eight-fold:
where V is the wind speed, ρ is the density of air, S is the windy area equal to the midship section of the wind wheel.
The density of air ρ is a constant value; the wind speed V is difficult to predict, while the S value can be controlled. First, S depends on the area (radius) of the wind wheel blown by the air flow and the level of filling the wind wheel -i.e. on its design. Second, S depends on the wind direction: its maximum is at this direction being perpendicular to the surface of the wind wheel rotation along the axis of rotation. More precisely, at calculation of the WT power it is necessary to take into account the ξ dependence on the specific speed χ of the wind turbine. This latter coefficient ( χ ) depends on the WT design (is determined experimentally in each particular case based on the test results). In approximate calculations we can assume that
where ω is the angular velocity of rotation of the wind wheel with radius R , and V is the average wind speed.
Some authors suggest various semi-empirical ξ dependences on the specific speed χ . For example, in [21] for a sail-type wind turbine with rectangular blades and the vertical axis of rotation the following dependence is given: (3) Equating the derivative to zero we can find the value of the power efficiency coefficient: ξ max = 0.1099 at χ = 0.576. These approximate calculations show that the blades of rectangular flat plates use slightly more than 10% of the wind power, with the rest spent on overcoming the air resistance due to the vortex forming at the blade edges, friction, etc. In [19] , for determination of the wind flow rate the author proposed to take into account the friction of wind on the Earth's surface and the loss of the airflow rate due to the effect of torque moment М torq , which is defined as a second moment of inertia of the air mass passing through the wind turbine. The most important characteristic of a WT is its aerodynamic efficiency. We propose to determine it experimentally as the ratio of thrust force y F to drag force x F :
It is shown that a multi-blade WT with optimum specific speed 1 ≅ Z corresponds to the aerodynamic efficiency k = (5 ÷ 10). Such quality is inherent to the flat and curved plates and sails, which also confirms the benefits of multi-blade WTs of the sail type.
According to the laws of conservation of energy and momentum, the magnitude ξ of a wind turbine of any design cannot exceed . The experimental data for small high-speed WTs at different wind speeds allow obtaining a quantitative . More precisely, the wind power efficiency ξ is a function of the specific speed Z which is invariant with respect to changes in wind speed V and wind wheel radius R provided that the geometric similarity is observed. Thus, a more accurate formula for calculating the power output of a sail-type wind turbine instead of (1) will be:
The specific speed of a wind turbine depends on the load, varying from zero to the anemometric specific speed anem Z (in the case of its free rotation). It is also necessary to take into account the internal stresses in wind turbines, i.e. loads caused by aerodynamic and centrifugal forces as well as loads related to their weight. All this suggests that to obtain useful power by converting the kinetic energy of the wind (taking into account the ratio of investment and maintenance of 1m 2 of the area from which the wind power is derived), the best choice is sails and frame structures covered with cloth. Thus, a preliminary assessment of the wind turbine with optimal wind power efficiency shows that at low winds the sail-type WT is suitable. The advantage of such turbines in that they are able to generate electric energy at low wind, while blade-type wind turbines fail to operate at wind speeds ≤ 3 m/s. Sail-type wind turbines readily adjust to the direction of wind, are noiseless and vibration-free.
RESULTS AND DISCUSSION
For our tests, a model of the sail-type wind turbine was designed as a component of the autonomous wind power system for conversion of wind power into electricity (Fig. 8) . The model contains six sail-type blades of triangular shape fixed on the frame rods (Fig. 8a) . The blades are made of lightweight and durable cloth.
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The diameter of the sail wheel is 400 mm. This WT model differs from the known analogues in that its triangular blades of dynamically variable surface shape with a movable end are used as load-bearing elements. State University (Kazakhstan). The methodology for measuring the aerodynamic characteristics is presented in [22] . Results of experimental investigation into the dependence of aerodynamic forces on the flow conditions are reported in [18] . The traction force F tr was measured using a spring dynamometer rigidly attached to the WT sheave. In the test section, the model is fixed to the cubic frame of aerodynamic balance using thin metal braces to minimize the resistance of auxiliary elements (Fig. 8b) . The relevant aerodynamic characteristics were measured at different speeds and directions of the airflow. As a result of the experiments, dependences of changes in the drag force, lifting force and traction force at various flow conditions were obtained. The greatest F tr value in this model was in the forward direction of wind flow (α=0 o ), since in this case the air-flown surface is the greatest. It has been found that when the direction of airflow is reversed, the thrust moment varies in the same way as at the forward direction (see Fig.9 ). The differences are observed at high speeds, with increasing rate. This effect can be explained by WT operation: the wind flow exerts pressure on the triangular blades angled to the direction of this flow. The traction force converts the wind power into the rotational motion of the wind turbine.
Our experiments have shown that when the direction of wind is changed to the opposite, the rotational direction of the wind wheel axis does not change. Fig. 9 . Dependence of the thrust force moment on the speed of wind for its different directions As seen in Fig.10, blade (1) is made in the shape of a triangular "sail" with a movable end. In the case of change in the wind direction the blade "blows up "and turns over the other side of the frame, thus keeping the original rotational direction of WT axis (6) . The experiments have shown that the designed model of the sail-type wind turbine with a dynamically changeable shape of the blade surface has optimum aerodynamic characteristics owing to its self-regulating abilities. The wind turbine in the air flow acts as a self-organized device capable of converting efficiently the wind energy into the energy of rotational motion. Flexibility of the design with dynamically variable surface shape of blades provides the minimum aerodynamic resistance and increases the WT efficiency. The wind turbine is operable in a wide range of changes in the wind directions. It was experimentally found that even at the reverse direction of airflow the wind turbine continues to rotate in the previous direction. Consequently, such a turbine can effectively be used if installed in the arches of houses or in a narrow space between houses where the wind blows with a greater speed and mainly in forward and reverse directions.
CONCLUSIONS
Despite the fact that wind turbines produce energy only during 25% of the total time of operation and the rest is idle time, they possess definite advantages as compared with other type turbines. Wind turbines are cost-effective (despite the inconstancy of wind) and eco-friendly, and their mechanical efficiency is ever increasing since they are constantly being improved [23, 24] . It is found that the use of larger blades and smaller generators in wind turbines is more efficient at low winds. In particular, flexible sail-type blades use the incoming airflow more efficiently and produce greater aerodynamic force due to self-regulation of the shape of their surface and adjustment to different airflow rates.
The analysis of wind energy potential in Latvia made in this work shows definite prospects for development of the wind power engineering. Based on the qualitative assessment of the wind turbine capacity, we chose a sail-type wind turbine that generates energy even at wind speeds ≤ 3m/s. The results of testing the experimental WT model with a dynamically modifiable blade shape in the wind tunnel under different flow conditions have proved its good performance and profitability, especially in the cases of small buildings remote from centralized power lines. 
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